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Abstract 
With the development of dry high vacuum pump, researches of pumping mechanism of vortex-stage are greatly concerned. This 
paper presents a horizontal dry high vacuum pump and establishes a numerical model of vortex stage. And then numerical 
simulation of flow is carried out with FLUENT software. Moreover, it studies how flow regions work on the internal flow and 
work performance of the vortex stage under various conditions, such as different number of blades and impeller with different 
blade rake. As a result, numerical simulation shows that there is a large impact on the pumping for different numbers of blades
distributed on the impeller, the number of blades of single impeller should be obtained by combining with practical design sizes. 
In fact, this paper selects the best number of blades as forty-three by calculating and optimizing. In the mean time, there are three 
cases for the blade rake: pitched vanes, radial vanes and retroverted vanes. For each case, there are both longitudinal vortex and 
radial vortex existing in the impeller. Considering comprehensively, impeller with radial vanes is selected in the design after
simulation and comparisons. 
© 2009 Published by Elsevier B.V. 
PACS: Type pacs here, separated by semicolons ;  
Keywords: Dry high vacuum pump; flow characteristics; vane number; vortex stage; FLUENT 
1. Introduction 
Cleanness, intensification and miniaturization for high-vacuum unit consisting of molecular pump and dry pump 
are one of the important trends for vacuum equipment development. High vacuum pumps which have already 
appeared or are still in R&D are mostly produced by the inner multi-stage molecular pumps in series [1-4]. 
Generally speaking, the molecular drag pump theory is utilized near the high vacuum side mainly to obtain bigger 
pumping speed and compression ratio in high vacuum; however, the theories for vortex pump or regenerative pump 
are often used at atmosphere side. In some R&D, single-screw for the purpose of guiding flow easily is connected to 
the high vacuum side. For the research of exhaust theory, the theories are relatively mature due to the earlier 
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application of molecular drag pump in research &manufacture [5]. However, although the vortex pump appeared 
earlier as a separate vacuum pump [6-8], there are more dry pumps which are in its range of working pressure, such 
as claw pump, roots dry pump, vortex pump and screw pump, as a result, the vortex pump isn’t much accounted of 
in both theory and manufacture. In recent years, the research for vortex pump is paid more and more attention due to 
the development of high vacuum dry pump. 
Based on flow field analysis software FLUENT, this paper analyzed the inner flow field in the vortex-stage of 
horizontal high vacuum dry pumps. Moreover, the main parameters related to the pumping performance were found 
by analyzing the complexity during the work process of vortex-stage. Then, on this basis, the exhaust structure is 
optimized properly. In this designing of structure, rotors’ speed is extremely high. Meanwhile, there are multistage 
rotors distributed in a rotor shaft. During the running time, stability is undoubtedly quite important. Furthermore, as 
the main components are a high-speed drag-stage rotor disc and multistage vortex blade rotors, we select the 
horizontal program in order to enhance the stability in operation. Diagram for structure design is shown as Fig.1. 
After that, Fig.2 shows the structure diagram of vortex-stage rotor. And Fig.3 shows the stator which is compatible 
with the vortex-stage rotor. Moreover, it’s actually a series of annular cavity. 
Fig.1 Design sketch of the pump Fig.2 Vortex stage rotor Fig.3 Vortex stage stator
2. Numerical model 
The structure of the vortex-stage can be described as a process when the rapidly rotating impeller passes the 
momentum on to the gas, as a result of the rapid rotation of the impeller and the special design of the side channel, 
gas will form a vortex along the rotating direction of the impeller, the repeated contacts between gas and impeller 
make the energy transfer to gas continuously and then make the gas compressed for exhausting finally.  
Both the longitudinal vortex and radial vortex are existing in the inner flow field of vortex pump, they both play a 
role in energy transfer and achieve energy transfer between the gas particles by vortex movement, next, the pump 
will obtain a higher compression ratio, however, the longitudinal vortex plays a large role in energy transfer than the 
radial vortex does, so the longitudinal strength of the vortex will directly impact on the efficiency and compression 
ratio of pump. 
By distinguishing the flow state, it is included that the vortex-stage mainly works in viscous flow and turbulent 
flow state, the basic governing equation is shown below. Turbulent motion has irregularity and randomness and is 
always a unsteady flow phenomenon. However, the continuity of the turbulent motion isn’t ruined. Therefore, 
transient laws of turbulent motion can still be described by continuity equation. The continuity equation is shown as: 
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Here, U  is density and t  is time. xQ , yQ and zQ are respectively the velocity components in the x, y and z
directions. 
Momentum conservation law is also the fundamental law that any flow system must comply with: The 
momentum rate relative to time for the flow in volume element equals to the resultant force of various forces which 
externality acts on the volume element. According to this law, the momentum equation along x, y and z three 
directions can be included: 
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Where, P is the pressure of the flow in volume element. xxW , xyW  and xzW  are the viscous stress W  components 
generated by molecular viscosity, which acts on the surface of volume element. xF , yF  and zF   are the body forces 
acting on the volume element. For Newtonian fluid, Momentum conservation equation is just the N-S equation. 
When the standard k H  model is used in strong rotational flow or flow at a curved wall, there will be a certain 
distortion. Therefore, it is needed to utilize the improved scheme RNG k H  model and Realizable k H  model [9]. 
In the RNG k H  model, the impact of small-scale is reflected by large-scale movement and modified viscosity 
term, thus the small-scale movement can be systematically removed from the governing equation. The obtained k
equation and H  equation are quite similar to the standard k H  model. 
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Compared with the standard k H  model, it can be found that the main changes for RNG k H  model are: the 
rotation for average flow and rotational flow are considered by modifying turbulent viscosity; one term is added into 
the H  equation, thus mean-time-average strain rate of the main flow could be reflected, next, the produced item in 
the RNG k H  model is not only related to flow, but also a function of space coordinates in the same question.  
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3. Numerical calculation 
Due to the complexity of the flow in vortex-stage, it is difficult to observe and study the real inner flow state by 
traditional experimental methods. Therefore, the numerical methods are adopted in studying the approximate flow 
state in the pump. In addition, the methods need to base on the discretization of the flow field [9]. The main factors 
leading to a larger impact are the shape and size of the channel cross section, number and shape of blades, size of 
cut-water, axial and radial clearance. By utilizing the FLUENT software, pressure and velocity distribution for 
interior of vortex pump in this paper are calculated with different numbers of impellers, furthermore, the flow in the 
pump and velocity distribution in flow channel with different numbers of impellers are analyzed.  
The 3D model for flow region of vortex stage is established by Pre/Engineer. The flow region includes flow 
channel and impeller two parts and the cross section of the flow channel is rectangle. Firstly, radial section is made, 
which is then rotated around the rotation axis to form the volute shape of the pump. Secondly, the volume of the 
impeller is subtracted. And internal flow region of vortex pump expected is obtained, in order to observe 
conveniently, 3 quarters of the circumference is taken as the model for flow region. GMABIT software is used in 
meshing, and the mode for meshing is structural tetrahedron, next, set boundary conditions, export mesh, set the 
speed inlet, absolute speed and the outlet of free flow. After division is completed, import the mesh.  
Coupled implicit solver and the RNG k H  model are utilized for strong rotational flow and the flow at the 
curved wall [9]. The RNG k H  model which is inferred from the modified k H  equation is used here. Assume 
the gas is ideal gas, as the temperature gradient is very small, it can be confirmed that the specific heat of constant 
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pressure and thermal conductivity are constant. The rotation speed is 3140 rad/s, which is gradually increased from 
low to high and applied to the model for calculation convergence. Define the speed of non-movement wall as zero, 
and the movable wall has the same speed as the flow region. 
SIMPLE algorithm is used in the coupling of pressure and velocity and the calculation accuracy is second order. 
The whole process for calculating is generally controlled by setting the calculation accuracy of each degree of 
freedom and the iterations of calculation. If calculation accuracy of each degree of freedom or the iteration meets the 
requirement, computer program will be stopped. That whether the calculation is converging or not can be intuitively 
observed through the monitoring curve of convergence. In this paper, set the speed accuracy of Vx, Vy and Vz along 3 
directions as 10-3, total iterations will be confirmed basing on the converging conditions of residual curve.  
4. Results and discuss 
4.1 Effects with different number of blades 
Velocity distribution at the outlet of blades actually refers to the one which is at the circumference surface of 
blades top, the flow region can be divided into two parts, which includes the region that is rotating with impeller and 
the region with no impellers, moreover, the circumference surface of blades top is the interface of the two regions. 
The rotating blades transfer the kinetic energy to gas, then the gas which obtains the energy is exhausted through the 
impeller, the speeds on the circumference surface of blades top can reflect the transfer effect of the kinetic energy, 
therefore, the velocity distribution on the surface is compared so that it is possible to know the effects with different 
numbers of blades, which is acting on the gas in the flow channel. Fig.4 obviously shows that, with the increase of 
the number of blades, gas motion will be more intense and the velocity becomes higher.  

 
(a) (b) (c) 
Fig.4 Velocity of the interface between impeller and channel 
(a) 25 vanes, (b) 30 vanes, (c) 35 vanes 

(a) (b) (c) 
Fig.5 Total pressure in the channel with different vanes 
(a) 25 vanes, (b) 30 vanes, (c) 35 vanes 
The total pressure distribution around the vortex rotor is shown in fig.5, from which it can be included that the 
total pressure within the flow channel from inlet to outlet increases gradually. When the number of blades is very 
small, the strength of longitudinal vortex is not quite high; With the increase of number of blades, the strength of 
longitudinal vortex is also increasing, meanwhile, the pressure at outlet gets increased; Furthermore, when the 
number of blades increases to a certain extent, the pressure at outlet will get depressed with the continuous increase 
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of number of blades. This is because the pressure at outlet leads to a very small increase, as the cascade solidity has 
already been very large. So the efficiency of the pump is reducing due to the increase of longitudinal eddy resistance. 
The optimal number of blades is different for concrete structure, so the specific analysis is needed to be carried out 
on the size of the flow channel and impeller. 
It can be seen that, when the number of blades is about 30, the pressure at outlet can reach to maximum, changing 
the number of blades only without changing other conditions, the calculation is carried out for both cases, when the 
number of blades is 28 and 32 respectively. The curve for total pressure at outlet is plotted with different numbers of 
blades, as shown in fig.6. The distribution of the number of impeller blades can refer to this result, a better result can 
be obtained when the number of blades is 32, as three-quarters of the circle is utilized in the computational model. 
So the number of blades of impeller is selected as 43.  
Fig.6 The relationship between the number of blades and outlet pressure 
4.2 Effects on the work performance for different blade rake 
Three cases of blade rake are analyzed respectively in this paper, the blade rake here refers to the dip angle of 
blades in the radial direction, the impeller rotates counter-clockwise in operation, according to pitched vanes, radial 
vanes and retroverted vanes, the angle value is defined as -15°, 0° and 15° respectively, the specific shape of blades 
are shown in the model, as shown in fig.7.  
Define each cross section below: Z-axis is the rotation axis of impeller, in90 and in180 are the midsection 
between rotation axis Z-axis and inlet cross-section when the their angle is 90° and 180°; R85 is the circle surface 
when the radius is 85mm. Distribution graph of velocity vector for each cross section is followed. 
From the distribution graph of velocity vector for each cross section as shown in fig.8 to fig.11, it can be seen 
that the speed at inlet cross section is influenced by high-speed rotating impeller, the axial component velocity of 
gas is higher in the impeller region and junction region between flow channel and impeller, therefore, there will be a 
vortex motion generating gradually in the pump. From fig.8, it can be seen that the incomplete radial vortex 
generates at the cross section for the three kinds of blades. Gas inflows from where the radius of blade is smaller and 
outflow to where the radius is bigger.  
 
(a) (b) (c) 
Fig.7 impeller with pitched vanes 
(a) Pitched vanes, (b) radial vanes, (c) retroverted vanes 

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From fig.9 and fig.10, it can be seen that the longitudinal vortex at both the two cross section defined as in90 and 
in180 is relatively more pronounced., the vortex forms at blade region basically and inflows from where the radius 
of blade is smaller and outflows to where the radius is bigger. This kind of flow is one of the main ways of energy 
transfer for vortex pump. In general, the higher the strength of longitudinal vortex is, the more energy the impeller 
transfers to gas and the more work the compressed gas will do. From the figures, the strength of longitudinal vortex 
for radial vanes and bake rake is a little higher than that for pitched vanes relatively. The flow for pitched vanes is 
relatively disordered at the root of impeller and the inlet region of blade, therefore, a certain energy loss will be 
generated and will affect the generation of longitudinal vortex between the blades. The flow for the other two kinds 
of blades is relatively good at inlet region of blade. 
(a) (b) (c) 
Fig.8 the vectors of velocity on the inlet 
(a) Pitched vanes, (b) radial vanes, (c) retroverted vanes 
(a) (b) (c) 
Fig.9 the vectors of velocity on the in90 
(a) Pitched vanes, (b) radial vanes, (c) retroverted vanes 
(a) (b) (c) 
Fig.10 the vectors of velocity on the in180 
(a) Pitched vanes, (b) radial vanes, (c) retroverted vanes 
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Velocity vectors distribution at cross section is shown as fig.11, it can be seen that there are longitudinal vortexes 
existing at the cross section of impeller with radial vanes and retroverted vanes, however, due to the impact of outlet 
baffle, the strength of longitudinal vortex is greatly weakened. There is almost no longitudinal vortex at the cross 
section of impeller with pitched vanes. Therefore, it can be known that longitudinal vortex begins to generate at the 
inlet of flow channel and gradually increases to a maximum value of strength, then it will die away or disappear. 
Velocity vector distribution at the inlet of impeller is followed. 
(a) (b) (c) 
Fig.11 the vectors of velocity on the outlet 
(a) Pitched vanes, (b) radial vanes, (c) retroverted vanes 
(a) (b) (c) 
Fig.12 the vectors of velocity on R85 
(a) Pitched vanes, (b) radial vanes, (c) retroverted vanes 

(a) (b) (c) 
Fig.13 the total pressure of impeller with different vanes 
(a) Pitched vanes, (b) radial vanes, (c) retroverted vanes 
The cross section R85 is the interface between the outlet of impeller and flow channel, after that the fluids 
outflows from the impeller, the energy transfer begins to proceed between the outflowing gas and the gas in the flow 
channel. From the velocity vector distribution at cross section R85 as shown in fig.12, it can be seen that there is a 
certain longitudinal vortex at the cross section for all cases of pitched vanes, radial vanes and retroverted vanes, in 
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addition, this kind of vortex plays a role of energy transfer. With the effect of longitudinal vortex, there is a 
sufficient energy exchange between the gas in the impeller and the gas in flow channel. Moreover, the velocity 
distribution at the cross section keeps consistent. It can be included from the figure that, the strength of longitudinal 
vortex for both pitched vanes and radial vanes is a bit higher, and the flow at cross section for retroverted vanes is 
relatively turbulent. Therefore, the energy loss will be more. Distribution graphs of total pressure in flow channel are 
followed.  
Under the same conditions, different cases for the distribution of total pressure is obtained changing the blades’ 
rake (30 blades covering the three quarters) only, as shown in fig.13.The negative pressure in the result indicates 
that there is a backflow generating in flow channel during the process of gas flow and the backflow is particularly 
evident at inlet, the calculation for the inlet pressure can be carried out by the inlet loss model [9]. Utilizing same 
initial value of the pressure in calculations for the three cases, therefore, while the different work performance needs 
to be compared, it will be needed to compare the pressure at outlet only. The pressure rise of vortex-stage for kinds 
of blade rakes can be compared indirectly through the pressure obtained before. 
Considering both the analysis before and the comparison of the pressure at this section, it can be confirmed that 
blades with radial vanes can generates the longitudinal vortex and radial vortex having higher vortex strength, the 
shape of blades can lead to a less energy loss than others, therefore, the high-performance can be obtained. 
Furthermore, the symmetry for the blade with radial vanes is better than other and the fabrication is easier. 
Considering all the factors comprehensively, the impeller with radial vanes blades is adopted.  
5. Conclusion
In this issue, a kind of basic structure of horizontal type high vacuum dry pump is designed and the pumping 
theory of its vortex-stage is studied through establishing the numerical simulation model and analyzing the vortex 
stage with the FLUENT software. In addition, work performance in the vortex-stage is studied under various 
conditions, such as different number of blades, impeller with different blade rake. Moreover, according to the 
analysis results, the design can be improved in order to have a better pumping performance. Totally speaking, the 
numerical results show that there is a large impact on the pumping for different number of blades distributed on the 
impeller, so the number of the blades should be obtained by considering actual size. Specifically, this issue advises 
the number of blades to be forty-three after calculating and optimizing. On the other side, there is a large impact on 
the generated radial and longitudinal vortex for the blade rake. Among three cases of blades, i. e. pitched vanes, 
radial vanes and retroverted vanes, radial and longitudinal vortex would form in the impeller when running. As a 
result, the longitudinal vortex strength for the blades with radial vanes and retroverted vanes is higher while the 
radial vortex strength for the blades with pitched vanes and retroverted vanes is higher. Furthermore, pressure rise 
for blades with radial vanes is higher than the other two. Considering comprehensively, the impeller with radial 
vanes blades should be adopted in the designing.
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